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Abstract. We show that it is possible for WIMP dark matter to produce a large signal
in indirect dark matter searches without producing signals elsewhere. We illustrate our
point by fitting the Fermi-LAT extended galactic gamma-ray excess with a simple model
of Dirac dark matter that annihilates primarily into b quarks via a pseudoscalar. Current
collider constraints are weak while the 14 TeV LHC run will constrain a limited portion
of the parameter space. No signal is expected in additional indirect searches or at future
direct detection experiments. Our results emphasise the importance of fully understanding
potential indirect signals of dark matter as they may provide the only information about the
dark matter particle.
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1 Introduction
The precise nature and interactions of particle dark matter remain unknown. Of the many
proposed possibilities one particular paradigm has endured: the weakly interacting massive
particle (WIMP). WIMPs are assumed to have weak-scale interactions with the Standard
Model particles offering the potential for the discovery of dark matter in many channels:
direct detection at underground detectors [1], production at particle colliders [2–5] or through
indirect searches [6, 7]. Typically, it is assumed that if a signal of WIMP dark matter is found
in one of these channels, then a signal will also be found in another channel. Thus the strong
limits from the XENON100 [8] and LUX [9] direct detection experiments, which now exclude
scattering cross-sections below a typical weak-scale cross-section, have caused some to be
pessimistic about the WIMP paradigm.
However, this pessimism is misguided. It is plausible that WIMP dark matter is coy
so that it appears at one experiment without producing any other observable signals. We
demonstrate this by showing that a simple model of ‘Coy Dark Matter’ (CDM) can explain
the recent spatially extended gamma-ray signal of unknown origin from the galactic centre
(observed in data from the Fermi-LAT satellite) [10–17], without producing signals elsewhere.
Other examples of CDM include light neutralino dark matter, which can lead to a large signal
in the effective number of neutrinos Neff but nowhere else [18, 19]. This breakdown of the
crossing symmetry relating indirect and direct detection along with collider searches has also
been addressed in [3, 5, 20–23].
Intriguingly, if the extended galactic gamma-ray excess is interpreted in terms of dark
matter annihilation, the annihilation cross-section of ∼ 10−26 cm3s−1 required to explain
the signal is consistent with that required to obtain the observed relic abundance through
thermal freeze-out [24–26], a feature of the WIMP paradigm. Depending on the specifics of
the annihilation channel, dark matter with mass between 5-50 GeV provides a good fit to the
galactic excess. Previous particle physics oriented studies of this signal have focussed on the
mDM ≈ 10 GeV region [27–41], motivated in part by the persistent signs of a signal in DM
direct detection experiments consistent with this mass [42–46].
In this work, we instead consider the higher mass region mDM ∼ 30 GeV, which requires
that the dominant annihilation is into b quarks. This case is particularly relevant to our
discussion since it is for this mass that direct detection experiments are most sensitive. When
the dark matter is a Dirac fermion, we show that the observed annihilation cross-section is
achieved if the interaction is mediated by a relatively light pseudoscalar with couplings to
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Standard Model particles that are proportional to the Yukawa couplings (i.e. Higgs-like).
This coupling structure is well motivated for pseudoscalars from minimal flavour violation
(MFV) [47] and ensures that the dominant annihilation channel is into b quarks.
Although this scenario produces the observed weak-scale annihilation cross-section, we
show that in much of the parameter space, CDM produces no observable signal at other
indirect detection, direct detection or collider experiments. With a pseudoscalar mediator,
the interaction of dark matter with nucleons is suppressed by the square of the nuclear recoil
energy, which is small owing to the non-relativistic nature of the interaction. From a collider
perspective, pseudoscalars in this mass range are particularly hard to constrain, since their
suppressed couplings to massive vector bosons weaken direct search constraints from LEP
and the Tevatron. We find that the greatest sensitivity is afforded by monojet plus missing
energy (MET) searches at the LHC, which are sensitive to mediator production followed by
decay to dark matter and accompanied by hard QCD radiation.
Our paper is structured as follows: in section 2 we discuss the extended gamma-ray
excess from the galactic centre and find the dark matter mass and annihilation cross-section
required to explain it with dark matter annihilation. Following that, we discuss constraints
on this scenario from collider searches in section 3 and direct and other indirect detection
searches in section 4.
2 The extended gamma-ray excess
Owing to the large dark matter number density there, one of the most promising places
to look for dark matter annihilation products is a small (∼ 0.1 kpc) region centred on the
galactic centre. Evidence for a spatially extended excess of gamma-rays in this region was
initially found in [10] and subsequently confirmed by several independent analyses [11–17].
A spectrally and morphologically similar excess has also been reported at more extended
distances from the galactic plane [48, 49].
In addition to dark matter annihilation, it has been suggested that interactions between
cosmic rays and gas [50–52] or an unresolved population of millisecond pulsars [12, 14, 15, 53]
can explain the excess. However, more detailed studies have raised problems with both
of these explanations [17, 54]. It is also possible that a new mechanism not proposed is
responsible, since the galactic centre is a complex astrophysical environment [55]. For the
purpose of this work, we assume that all of the excess is a result of dark matter annihilation.
We use the results from the analysis of [16] (listed in their appendix A), who considered
all events within a 7◦ × 7◦ region centred on the galactic centre (the position of Sgr A∗).
Galactic backgrounds were modelled with the standard LAT diffuse model, with isotropic
residuals assumed for instrumental and extragalactic sources. After background subtraction
the extended emission component that they find is shown in figure 1, where the red and black
error bars correspond to systematic and statistical uncertainties respectively.
To proceed with the dark matter interpretation, it is necessary to specify the dark
matter halo profile. While it is well determined far from the galactic centre, the slope is
uncertain at small radii; typically there are no observations below 1 kpc and the resolution
of numerical simulations is ∼ 0.1 kpc. The Einasto [56] and Navarro, Frenk and White
(NFW) [57] profiles are traditionally used as benchmark profiles as they provide good fits
to dark matter numerical simulations [58]. However, it is possible that the dark matter halo
profile remains divergent close to the centre such that profiles may behave as ρ ∝ r−γ with
γ > 1 (γ = 1 in the NFW profile). As an example, the Via Lactea II simulation favours
– 2 –
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Figure 1. The data points show the extended gamma-ray excess from a 7◦ × 7◦ region centred on
the galactic centre (from [16]). The red and black error bars show the systematic and statistical
uncertainties respectively. The blue solid line shows the photon spectrum corresponding to 30 GeV
dark matter with an annihilation cross-section that gives the observed relic density. The branching
ratios are determined by the Yukawa couplings yf .
a profile with γ = 1.24 [59]. Given that the γ-ray emission traces the morphology of the
profile, the consequence of a more strongly peaked profile in terms of indirect detection is a
much brighter gamma-ray emission relative to the case of an Einasto or NFW profile. For
the extended gamma-ray excess, it is found that a generalised NFW profile
ρ(r) = ρs
(
r
rs
)−γ [
1 +
(
r
rs
)]γ−3
. (2.1)
with γ = 1.2 gives the best fit [16].
The following simplified model gives a good fit to the extended gamma-ray excess shown
in figure 1. We take the dark matter χ to be a Dirac fermion with mass mDM which interacts
with a pseudoscalar a with mass ma through the coupling gDM:
L ⊃ −igDM√
2
aχ¯γ5χ− i
∑
f
gf√
2
af¯γ5f + h.c. (2.2)
The pseudoscalar couples to the Standard Model fermions with gf , which we assume is equal
to the Standard model Yukawa coupling gf = yf ≡ mf/174 GeV. This relation is common
for pseudoscalars, motivated from the minimal flavour violation (MFV) ansatz [47].
The photon flux Φ at Earth from a region ∆Ω, assuming prompt photon emission arising
from annihilation of Dirac dark matter, is [60]
dΦ
dEγ
=
1
4
r
4pi
(
ρ
mDM
)2
〈J〉∆Ω
∑
f
〈σv〉f dN
f
γ
dEγ
, (2.3)
where r = 8.25 kpc is the distance from the galactic centre to the Earth, ρ = 0.42 GeVcm−3
is the local dark matter density [61, 62], 〈σv〉f is the annihilation cross-section to f¯f and
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dNfγ /dEγ is the energy spectrum of photons produced per annihilation to f¯f . We use the
tabulated values of dNfγ /dEγ from [60, 63], which are generated with PYTHIA 8.135 [64] and
disregard any contribution to the flux that is not prompt i.e. we neglect all photons generated
by the propagation of cosmic rays. The average J factor over a region of size ∆Ω is
〈J〉 = 1
∆Ω
∫
cos b J(b, l) db dl , (2.4)
where
J(b, l) =
∫
l.o.s
ds
r
(
ρ(r)
ρ
)2∣∣∣∣∣
r=
√
r2+s2−2rs cos b cos l
(2.5)
and s varies over the line of sight. We use the form of ρ(r) in eq. (2.1) with γ = 1.2,
rs = 23.1 kpc and ρs is chosen so that ρ(r) = ρ. Following [16], we calculate 〈J〉 in the
7◦ × 7◦ region by summing over pixels of size 0.1◦ × 0.1◦.
For the simplified model in eq. (2.2), the s-wave annihilation cross-section for χ¯χ→ f¯f is
〈σv〉f = NC
8pi
y2f g
2
DMm
2
DM(
m2a − 4m2DM
)2
+m2aΓ
2
a
√
1− m
2
f
m2DM
(2.6)
where NC = 3 (1) for coloured (colour-neutral) particles and Γa is the pseudoscalar width.
Among the possible final states, the dominant annihilation channel is to b quarks; the branch-
ing ratio to a particular final state is determined by yf , for which yb is the largest.
An example of the resulting gamma-ray spectrum for mDM = 30 GeV, 〈σv〉 ≡
∑
f 〈σv〉f
= 3 × 10−26 cm3 s−1 and the astrophysical parameter choices above is shown by the solid
blue curve in figure 1. This gives a good fit to the data. Being more quantitive, figure 2
shows the result of a fit in the mDM - 〈σv〉 plane assuming that the branching ratio into
the final state f¯f is determined by the Yukawa couplings yf . The black dot shows the best
fit point and the solid, dashed and dotted lines show the 1, 2 and 3 σ regions respectively.
These regions are determined by minimising a χ2 distribution as described in [16]. We
see that the cross-section is consistent with that required for a thermal relic, i.e. 〈σv〉 '
3×10−26 cm3 s−1, formDM around 30 GeV. In addition, one should not discount the possibility
that 〈σv〉  3 × 10−26 cm3 s−1 in the primordial Universe since regeneration mechanisms,
such as those proposed in [65, 66], may maintain the would-be candidate as the main dark
matter component.
The red shaded region in figure 3 shows the values of the pseudoscalar-dark mat-
ter coupling gDM and mass ma that fit the galactic excess at 3σ. In this region we have
marginalised over mDM. The red dashed line shows the values of gDM and ma that result in
〈σv〉 = 3 × 10−26 cm3 s−1 for mDM = 30 GeV. Typically, a coupling of order one or less is
required to fit the excess. The annihilation is resonantly enhanced when ma ≈ 2mDM, ex-
plaining the ‘funnel’ that extends to small values of gDM. We find that the width of the pseu-
doscalar varies from a few MeV to a few GeV over the parameter space. For mDM = 30 GeV
and (ma, gDM) = (40, 0.4), the width is Γa = 1.9 MeV and the largest branching ratio is
BR(a→ bb¯) = 89%, followed by cc¯ and τ+τ− at 7% and 4% respectively. Once it is kinemat-
ically possible for the pseudoscalar to decay into dark matter, this channel dominates. For
instance, for the point mDM = 30 GeV and (ma, gDM) = (90, 1.0) the width is Γa = 1.3 GeV
with BR(a→ χχ) = 99.7% and BR(a→ bb¯) = 0.3%.
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Figure 2. The solid, dashed and dotted contours show the 1, 2 and 3σ favoured regions in the mDM-
〈σv〉 plane, along with the best fit point, shown by the dot. The branching ratios are determined by
the Yukawa couplings yf . The excess is consistent with an annihilation cross-section that gives the
observed dark matter relic density.
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Figure 3. The red shaded region shows the values of gDM and ma that fit the galactic excess
at 3σ (marginalising over mDM). The red dashed line shows the values of gDM and ma that give
〈σv〉 = 3 × 10−26 cm3 s−1 for mDM = 30 GeV. The solid blue line shows the constraint from the
current 8 TeV CMS monojet search, and the blue dashed line our extrapolation of a similar search at
14 TeV with 40 fb−1.
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3 Collider searches
In general, it is hard to find evidence for this model at a collider, particularly for a pseu-
doscalar that satisfies ma > mh/2 so that constraints from h → aa decays are forbidden.
We have implemented our model of Dirac fermion dark matter with a pseudoscalar mediator
using FeynRules [67] with the UFO output [68] to generate events in MadGraph5 [69]. We
include the dimension five GµνG˜
µνa operator, which is obtained from integrating out the
top-quark loop. To check our implementation, we compare our cross-section for tt¯a and the
inclusive pp → a cross-section with those available for pseudoscalar Higgs bosons in the lit-
erature. We find good agreement with the results of the LHC Higgs Cross-Section Working
Group [70].
We find that the greatest sensitivity comes from the 8 TeV CMS monojet search using
19.5 fb−1 of data [71]. The 90% confidence limit we derive from that search is shown as
the solid blue line in figure 3. There is a constraint only at large values of the coupling
gDM and this search does not cut into the preferred Fermi-LAT region of good fit. The
relative weakness of the LHC limit is a good demonstration of how a naive expectation of
the limit based on crossing symmetry fails [23]. It is likely that including the dimension five
GµνG˜
µνa operator, rather than performing a loop calculation, overestimates the production
cross-section with the result that our limit on gDM is an overestimate [72]. We also note that
at such large values of gDM, the mediator width is larger than its mass, making the particle
interpretation of the mediator questionable [73]. It is this fact that explains the shape of the
exclusion contour, since once the mediator can decay to dark matter, the mediator width
increases by a factor of O(103), which suppresses the production cross-section. This limit
assumes that mDM = 30 GeV but other values of mDM consistent with the excess will give a
similar result. The magnitude of the limit will remain the same but the strongest constraint
on gDM will shift to ma ≈ 2mDM.
We also provide a rough estimate of how monojet results at 14 TeV will affect this
scenario. To do this we assume that CMS will continue using the /ET = 400 GeV bin. As the
expected backgrounds (mostly from Z(→ νν) + 1j) in this bin will increase, we assume that
the limit on the number of monojet events will increase in such a way that S/B will remain
approximately constant. The blue dashed line in figure 3 shows the results we obtain for an
integrated luminosity of 40 fb−1 at 14 TeV, representative of about two years running. The
improvement from the 14 TeV run looks dramatic, however it is important to realise that
the monojet search is not particularly sensitive to gDM when the pseudoscalar is produced
on-shell, as is the case when ma > 2mDM. In this case the monojet plus missing energy
cross-section is approximately σ(pp → a + j)BR(a → χχ). For gDM > yb the branching
ratio is almost 100%, and so if a particular point in parameter space is ruled out, we would
expect it to be ruled out for gDM larger than the bottom Yukawa. Indeed, this is what
appears. The production cross-section for the pseudoscalar plus a hard jet increases by up
to a factor of seven at 14 TeV due to the large increase in the gluon PDF. For instance, for
(ma, gDM) = (100, 1.0) we find that the monojet cross-section increases from 15 fb to 96 fb.
The dominant background from Z(→ νν) + 1j also increases, from 135 fb at parton level to
650 fb for MET > 400 GeV and |ηj| < 2.4. We again mention that this cross-section is likely
an overestimate because the top-quark loop is not taken fully into account [72]. While the
monojet search is likely to start to cut into the parameter space in the ma ≥ 2mDM region,
the area below this is difficult to probe.
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Since the pseudoscalar mediator interacts most strongly with the top quark due to
its Yukawa-like couplings, searches in the tt¯a final state may also be an effective means of
constraining this model. A representative search is the ATLAS search for tt¯ + MET [74]
in the dilepton final state. This search requires the pT of the leading lepton to be greater
than 25 GeV and relies on the mT2 [75] variable as its main discriminant. For the main
Standard Model tt¯ background, this quantity has a kinematic edge at mW . The four ATLAS
search regions therefore encompass mT2 > 90, 100, 110 and 120 GeV to suppress this. We
hadronise our events using PYTHIA 6 [76] and pass them through the PGS 4 [77, 78] detector
simulator with an ATLAS-specific detector card, and analyse the resulting LHCO output
using a modified version of Parvicursor [79]. We find that the ATLAS search has a relatively
low acceptance for our model, in line with the stated ATLAS efficiencies for light top squarks
in [80]. Furthermore, the cross-sections for tt¯a production are known to be approximately
three times smaller than for tt¯h production at the same mass. ATLAS set a limit in the
mT2 = 90 GeV channel of 2.5 fb. Since this includes the leptonic top decays, this corresponds
to an inclusive cross-section of 51 fb (i.e. without decaying the tops). However, the pp→ tt¯a
cross-section for a 100 GeV pseudoscalar mediator is only 40 fb, so it is not surprising that
that this search is not effective. We have cross-checked our results using the CheckMATE [81]
package which incorporates the results of [75, 78, 82–84]. We have also used CheckMATE to
check our scenario against the [85–87] searches at 7 and 8 TeV and find no constraint.
We next consider searches from LEP and Tevatron. Interactions between pure pseu-
doscalars and massive vector bosons are suppressed. Accordingly, the limit from Higgs
searches at LEP and the Tevatron which rely on the vector boson fusion (VBF) and as-
sociated production modes do not constrain our model. Instead, we look to searches which
are sensitive to gluon fusion at the LHC. In [88] the ATLAS Collaboration searched for neu-
tral BSM Higgs bosons decaying to µ+µ− and τ+τ− at
√
s = 7 TeV, presenting results for
ma > 100 GeV in order to avoid large backgrounds from the Z-boson resonance. We have
checked that this does not constrain our model in this regime. For instance, ATLAS set
a limit of 20 pb on σ × BR(a → τ+τ−) for ma = 100 GeV. In our simplified model with
gDM = 0.05 we obtain a cross-section of 0.45 pb, over 40 times lower than the ATLAS limit.
For larger values of gDM the invisible width increases, so that the branching ratios into visible
final states decrease and this search loses efficiency.
Finally, Υ resonance decays and searches for direct production of the mediator followed
by decay to µ+µ− can be used to constrain the coupling gf for pseudoscalar mediators below
10 GeV [89, 90]. While we assumed that gf = yf , these searches are likely to constrain
gf . yf for ma . 7 GeV and gf . 0.01yf for ma . 5 GeV. Further details can be found
in [91]. These searches do not a priori rule out an interpretation to the gamma-ray excess in
terms of our simplified model since a decrease in gf can be compensated by increasing gDM.
In any case, these constraints are completely avoided by considering the region ma > 10 GeV.
While future monojet and B physics searches may constrain the parameter space with
ma ≥ 2mDM and ma . 10 GeV, we conclude that in much of the parameter space, no signal
will appear at collider experiments.
4 Direct detection and other indirect searches
The LUX experiment [9] currently has the world leading sensitivity for spin-independent and
spin-dependent dark matter-neutron interactions in the mass range that we are interested
in. For experiments planning to run in the foreseeable future, LZ, which is the successor to
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LUX, should provide the best sensitivity, approaching the sensitivity where the irreducible
background from neutrinos dominates [92–94].
The interaction between dark matter χ and a quark q is described by the effective
operator
L = yq gDM
2m2a
χ¯γ5χ q¯γ5q , (4.1)
valid because the mediator mass ma is much greater the momentum transferred in the scat-
tering process. In order to compare theoretical predictions with experimental results, it is
necessary to match the quark-level matrix element with the nucleon-level matrix element,
evaluated in the non-relativistic limit. A clear discussion of this procedure is given in [95–97],
with the result that
yq gDM
2m2a
〈χf |χ¯γ5χ|χi〉〈nf |q¯γ5q|ni〉 → gnna gDM
2m2a
〈χf |χ¯γ5χ|χi〉〈nf |n¯γ5n|ni〉 , (4.2)
where n represents either a proton or neutron and
gnna
mn
=
∑
q=u,d,s
yq ∆q
mq
− m¯
 ∑
q=u,d,s
∆q
mq
 ∑
q=u,...,t
yq
mq
(4.3)
with m¯ = (1/mu + 1/md + 1/ms)
−1 [96]. Since we are considering scattering at LZ, which
has a xenon target nucleus, we ignore contributions from proton scattering because the spin
of a xenon nucleus is dominantly carried by the neutron. In this case, using
∆u = −0.44 , ∆d = 0.84 , ∆s = −0.03 (4.4)
and yq = mq/174 GeV, we obtain gnna ≈ 2.8× 10−3.
The non-relativistic limit of eq. (4.2) leads to a spin-dependent interaction; for dark
matter with speed v, we find that the differential scattering cross-section to scatter of a
nucleus of mass mN with spin JN and spin structure function SA(q) [98] is
dσ
dER
=
q4
m2DMm
2
N
3g2nna g
2
DMmN
8m4av
2
1
2JN + 1
SA(q) , (4.5)
where q2 = 2mNER is the momentum transfer and ER is the nuclear recoil energy. The
typical recoil energy under investigation at direct detection experiments is ER ∼ 10 keV so
that q ∼ 100 MeV. Crucially, we see that the factor q4/m2DMm2N suppresses the cross-section
by a factor O(10−12). Owing to this, the number of expected events at LZ between 2 PE
and 30 PE in the vicinity of mDM = 30 GeV is
Ns ≈ 1 event
(gDM
1
)2(250 MeV
ma
)4( Exp
107 kg-days
)
. (4.6)
Here we have followed the standard procedure to calculate the number of events [99, 100]
and assumed that efficiencies at LZ are the same as those at LUX.
In addition to the result above, which takes into account all of the momentum de-
pendence in the scattering process, we also provide a reference cross-section σ˜SDn,p that can
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be compared directly with experimental limits. Mapping eq. (4.5) onto the form that is
constrained by experiments (see e.g. [101] for details), we find that
σ˜SDn =
9
16pi
q4
m2DMm
2
N
g2nna g
2
DM µ
2
n
m4a
(4.7)
≈ 8× 10−43 cm2
(gDM
1
)2(250 MeV
ma
)4
, (4.8)
where µn is the dark matter-neutron reduced mass and we have assumed that mDM = 30 GeV
and q = 100 MeV. This cross-section is similar to the projected LZ limit σ˜SDn ≤ 7× 10−43 cm2
at mDM = 30 GeV that is presented in [94], validating the result of the more precise analysis
above. As mentioned previously, the spin of a xenon nucleus is dominantly carried by the neu-
tron so we ignored the contribution from the proton spin. In contrast, the proposed PICO250
experiment (a joint experiment from the COUPP and PICASSO collaborations) is more sen-
sitive to the dark matter-proton scattering cross-section σ˜SDp and they estimate that they
will exclude scattering cross-sections smaller than 8×10−43 cm2 at mDM = 30 GeV [94]. The
dark matter-proton cross-section takes the same form as eq. (4.7) except gppa ≈ −1.1× 10−2
should be used instead of gnna. With q = 50 MeV, appropriate for scattering off flourine, we
find that
σ˜SDp ≈ 8× 10−43 cm2
(gDM
1
)2(650 MeV
ma
)4
, (4.9)
so that PICO250 will set a slightly stronger constraint on ma than LZ.
Even with the large exposure collected by LZ and PICO250 (a factor 103 larger than the
current exposure of LUX), we find that LZ and PICO250 would only begin to observe events
for ma . 250 MeV and ma . 650 MeV respectively. For heavier values of the pseudoscalar
mass, the number of events drops rapidly so that there is no possibility of LZ or PICO250
observing any events from dark matter scattering for ma & 10 GeV. As the tree level con-
tribution is strongly suppressed, we should consider if the loop-induced spin-independent
interaction gives a larger contribution. The authors of [95] considered this possibility and
found that the spin-independent interaction is smaller than the tree level contribution con-
sidered above. Therefore, we conclude that direct detection experiments cannot probe this
scenario.
Finally, we consider other indirect searches for WIMP dark matter. Firstly, limits
from the anti-proton flux (derived from low-energy data collected by BESS-Polar II [102])
exclude a thermal WIMP that dominantly annihilates to quarks when mDM = 3-20 GeV [103],
which is below the mass range favoured by the gamma-ray excess in figure 2. Using the
anti-proton flux calculated with [60], we also checked that the limit derived from the anti-
proton flux at higher energy, as measured by PAMELA [104], does not exclude the favoured
region, in agreement with [103, 105]. Secondly, the cosmic microwave background (CMB)
provides constraints from the energy deposition arising from dark matter annihilation [106].
However, these constraints are weakened when the dominant annihilation channel is to heavy
quarks or τ leptons, with the result that current and projected limits do not constrain this
model [107, 108]. Thirdly, limits from the neutrino flux from dark matter annihilation in the
Sun are not applicable because the capture cross-section from scattering on protons,
σpSD ≈ 2× 10−43 cm2
(gDM
1
)2(1 GeV
ma
)4
, (4.10)
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is orders of magnitude below the limit of 10−38 cm2 from Super-Kamiokande [109]. Here
we assumed that mDM = 30 GeV and q = 20 MeV, typical for a scattering event in the Sun.
Fourthly, Fermi-LAT limits from dwarf spheroidal galaxies are unlikely to definitively detect
or reject the dark matter hypothesis [17]. Therefore, we conclude that additional indirect
detection signatures do not provide further constraints.
5 Conclusions
If dark matter is a WIMP with weak-scale interactions with the Standard Model particles,
then the prospects of discovery at direct detection, indirect detection or collider experiments
are good. In many models of WIMP dark matter, if a signal is produced in one experimental
channel, then a signal will also be observed in another. However, we show that this need not
be the case and that dark matter may be coy, producing a single large observable signal in
isolation.
We demonstrate this by considering the extended gamma-ray excess from the galactic
centre, observed by the Fermi-LAT satellite. Although the origin of this excess is uncertain,
one way to account for it is with WIMP dark matter annihilating dominantly to b quarks in
the galactic centre. We showed that a simple model of Dirac dark matter that is coupled to the
Standard Model through a pseudoscalar, which has couplings to the Standard Model particles
that are proportional to the Yukawa couplings, can account for the excess (see figure 1). A fit
to the excess shows that the preferred dark matter mass mDM is between ∼ 20-50 GeV and
that the annihilation cross-section is consistent with 〈σv〉 ' 3× 10−26 cm3 s−1 (see figure 2),
required for the dark matter to obtain its relic abundance through the thermal freeze-out
mechanism. This cross-section implies that the dark matter-pseudoscalar coupling gDM is
O(1) or less over a large range of pseudoscalar mass ma (see figure 3).
Finding additional experimental evidence for this simple model is difficult. From collid-
ers, the greatest sensitivity comes from the CMS monojet search. Although this search does
not currently constrain any of the favoured parameter space, the projected limit from the
14 TeV LHC run constrains the region ma & 2mDM (see figure 3). Owing to the suppressed
dark matter-nucleus interaction, future direct detection experiments have no sensitivity when
ma & 190 MeV. Furthermore, additional indirect searches in the anti-proton flux, the CMB,
the neutrino flux from the Sun and the photon flux from dwarf spheroidal galaxies do not
provide further constraints.
Therefore, over much of the parameter space, the extended gamma-ray excess exists in
isolation as the sole evidence for particle dark matter. For WIMPs that produce observable
signals in isolation, our results emphasise the importance of fully understanding that signal.
In the case of the extended gamma-ray excess, it is crucial that additional hypothesises with
an astrophysical origin are fully explored so that they may excluded.
Acknowledgments
MJD thanks Randel Cotta and Alex Wijangco for comparing results with him. CM thanks
Alastair Currie, Jonathan Davis and Felix Kahlhoefer for discussions regarding LUX, Takashi
Toma for discussions on the velocity dependence of annihilation cross-sections and Kai
Schmidt-Hoberg for discussions on constraints from B searches. CJW thanks ITP Heidel-
berg for hospitality while some of this work was carried out. This work has been partially
supported by the European Union FP7 ITN INVISIBLES (Marie Curie Actions, PITN- GA-
2011- 289442).
– 10 –
J
C
A
P05(2014)009
References
[1] M.W. Goodman and E. Witten, Detectability of Certain Dark Matter Candidates, Phys. Rev.
D 31 (1985) 3059 [INSPIRE].
[2] Q.-H. Cao, C.-R. Chen, C.S. Li and H. Zhang, Effective Dark Matter Model: Relic density,
CDMS II, Fermi LAT and LHC, JHEP 08 (2011) 018 [arXiv:0912.4511] [INSPIRE].
[3] M. Beltra´n, D. Hooper, E.W. Kolb, Z.A.C. Krusberg and T.M.P. Tait, Maverick dark matter
at colliders, JHEP 09 (2010) 037 [arXiv:1002.4137] [INSPIRE].
[4] Y. Bai, P.J. Fox and R. Harnik, The Tevatron at the Frontier of Dark Matter Direct
Detection, JHEP 12 (2010) 048 [arXiv:1005.3797] [INSPIRE].
[5] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T.M.P. Tait et al., Constraints on Dark
Matter from Colliders, Phys. Rev. D 82 (2010) 116010 [arXiv:1008.1783] [INSPIRE].
[6] J.E. Gunn, B.W. Lee, I. Lerche, D.N. Schramm and G. Steigman, Some Astrophysical
Consequences of the Existence of a Heavy Stable Neutral Lepton, Astrophys. J. 223 (1978)
1015 [INSPIRE].
[7] F.W. Stecker, The Cosmic Gamma-Ray Background from the Annihilation of Primordial
Stable Neutral Heavy Leptons, Astrophys. J. 223 (1978) 1032 [INSPIRE].
[8] XENON100 collaboration, E. Aprile et al., Dark Matter Results from 225 Live Days of
XENON100 Data, Phys. Rev. Lett. 109 (2012) 181301 [arXiv:1207.5988] [INSPIRE].
[9] LUX collaboration, D.S. Akerib et al., First results from the LUX dark matter experiment at
the Sanford Underground Research Facility, arXiv:1310.8214 [INSPIRE].
[10] L. Goodenough and D. Hooper, Possible Evidence For Dark Matter Annihilation In The
Inner Milky Way From The Fermi Gamma Ray Space Telescope, arXiv:0910.2998 [INSPIRE].
[11] D. Hooper and L. Goodenough, Dark Matter Annihilation in The Galactic Center As Seen by
the Fermi Gamma Ray Space Telescope, Phys. Lett. B 697 (2011) 412 [arXiv:1010.2752]
[INSPIRE].
[12] K.N. Abazajian, The Consistency of Fermi-LAT Observations of the Galactic Center with a
Millisecond Pulsar Population in the Central Stellar Cluster, JCAP 03 (2011) 010
[arXiv:1011.4275] [INSPIRE].
[13] A. Boyarsky, D. Malyshev and O. Ruchayskiy, A comment on the emission from the Galactic
Center as seen by the Fermi telescope, Phys. Lett. B 705 (2011) 165 [arXiv:1012.5839]
[INSPIRE].
[14] D. Hooper and T. Linden, On The Origin Of The Gamma Rays From The Galactic Center,
Phys. Rev. D 84 (2011) 123005 [arXiv:1110.0006] [INSPIRE].
[15] K.N. Abazajian and M. Kaplinghat, Detection of a Gamma-Ray Source in the Galactic
Center Consistent with Extended Emission from Dark Matter Annihilation and Concentrated
Astrophysical Emission, Phys. Rev. D 86 (2012) 083511 [arXiv:1207.6047] [INSPIRE].
[16] C. Gordon and O. Macias, Dark Matter and Pulsar Model Constraints from Galactic Center
Fermi-LAT Gamma Ray Observations, Phys. Rev. D 88 (2013) 083521 [arXiv:1306.5725]
[INSPIRE].
[17] O. Macias and C. Gordon, The Contribution of Cosmic Rays Interacting With Molecular
Clouds to the Galactic Center Gamma-Ray Excess, Phys. Rev. D 89 (2014) 063515
[arXiv:1312.6671] [INSPIRE].
[18] C. Boehm, M.J. Dolan and C. McCabe, Increasing Neff with particles in thermal equilibrium
with neutrinos, JCAP 12 (2012) 027 [arXiv:1207.0497] [INSPIRE].
– 11 –
J
C
A
P05(2014)009
[19] C. Boehm, M.J. Dolan and C. McCabe, A Lower Bound on the Mass of Cold Thermal Dark
Matter from Planck, JCAP 08 (2013) 041 [arXiv:1303.6270] [INSPIRE].
[20] P.J. Fox, R. Harnik, J. Kopp and Y. Tsai, Missing Energy Signatures of Dark Matter at the
LHC, Phys. Rev. D 85 (2012) 056011 [arXiv:1109.4398] [INSPIRE].
[21] L. Lopez-Honorez, T. Schwetz and J. Zupan, Higgs portal, fermionic dark matter and a
Standard Model like Higgs at 125 GeV, Phys. Lett. B 716 (2012) 179 [arXiv:1203.2064]
[INSPIRE].
[22] N. Zhou, D. Berge and D. Whiteson, Mono-everything: combined limits on dark matter
production at colliders from multiple final states, Phys. Rev. D 87 (2013) 095013
[arXiv:1302.3619] [INSPIRE].
[23] S. Profumo, W. Shepherd and T. Tait, Pitfalls of dark matter crossing symmetries, Phys. Rev.
D 88 (2013) 056018 [arXiv:1307.6277] [INSPIRE].
[24] Y.B. Zel’dovich, Magnetic model of universe, Zh. Eksp. Teor. Fiz. 48 (1965) 986.
[25] Y.B. Zel’dovich, L.B. Okun, and S.B. Pikelner, Quarks: the astrophysical and
physical-chemistry aspects (Translation), Usp. Fiz. Nauk. 84 (1965) 113.
[26] H.-Y. Chiu, Symmetry between particle and anti-particle populations in the universe, Phys.
Rev. Lett. 17 (1966) 712 [INSPIRE].
[27] A.V. Belikov, J.F. Gunion, D. Hooper and T.M.P. Tait, CoGeNT, DAMA and Light
Neutralino Dark Matter, Phys. Lett. B 705 (2011) 82 [arXiv:1009.0549] [INSPIRE].
[28] M.R. Buckley, D. Hooper and T.M.P. Tait, Particle Physics Implications for CoGeNT,
DAMA and Fermi, Phys. Lett. B 702 (2011) 216 [arXiv:1011.1499] [INSPIRE].
[29] G. Zhu, WIMPless dark matter and the excess gamma rays from the Galactic center, Phys.
Rev. D 83 (2011) 076011 [arXiv:1101.4387] [INSPIRE].
[30] G. Marshall and R. Primulando, The Galactic Center Region Gamma Ray Excess from A
Supersymmetric Leptophilic Higgs Model, JHEP 05 (2011) 026 [arXiv:1102.0492] [INSPIRE].
[31] M. Buckley, P. Fileviez Perez, D. Hooper and E. Neil, Dark Forces At The Tevatron, Phys.
Lett. B 702 (2011) 256 [arXiv:1104.3145] [INSPIRE].
[32] M.S. Boucenna and S. Profumo, Direct and Indirect Singlet Scalar Dark Matter Detection in
the Lepton-Specific two-Higgs-doublet Model, Phys. Rev. D 84 (2011) 055011
[arXiv:1106.3368] [INSPIRE].
[33] M.R. Buckley, D. Hooper and J.L. Rosner, A Leptophobic Z’ And Dark Matter From Grand
Unification, Phys. Lett. B 703 (2011) 343 [arXiv:1106.3583] [INSPIRE].
[34] D. Hooper, N. Weiner and W. Xue, Dark Forces and Light Dark Matter, Phys. Rev. D 86
(2012) 056009 [arXiv:1206.2929] [INSPIRE].
[35] R.C. Cotta, A. Rajaraman, T.M.P. Tait and A.M. Wijangco, Particle Physics Implications
and Constraints on Dark Matter Interpretations of the CDMS Signal, arXiv:1305.6609
[INSPIRE].
[36] M.R. Buckley, D. Hooper and J. Kumar, Phenomenology of Dirac Neutralino Dark Matter,
Phys. Rev. D 88 (2013) 063532 [arXiv:1307.3561] [INSPIRE].
[37] K. Hagiwara, S. Mukhopadhyay and J. Nakamura, 10 GeV neutralino dark matter and light
stau in the MSSM, Phys. Rev. D 89 (2014) 015023 [arXiv:1308.6738] [INSPIRE].
[38] E.C. F.S. Fortes and M.D. Tonasse, Low Mass Pseudoscalar Dark Matter in an Extended B -
L Model, arXiv:1312.2837 [INSPIRE].
[39] A. Alves, S. Profumo and F.S. Queiroz, The dark Z
′
portal: direct, indirect and collider
searches, JHEP 04 (2014) 063 [arXiv:1312.5281] [INSPIRE].
– 12 –
J
C
A
P05(2014)009
[40] K.P. Modak, D. Majumdar and S. Rakshit, A Possible Explanation of Low Energy γ-ray
Excess from Galactic Centre and Fermi Bubble by a Dark Matter Model with Two Real
Scalars, arXiv:1312.7488 [INSPIRE].
[41] G. Arcadi, Y. Mambrini, M.H.G. Tytgat and B. Zaldivar, Invisible Z ′ and dark matter: LHC
vs LUX constraints, JHEP 03 (2014) 134 [arXiv:1401.0221] [INSPIRE].
[42] DAMA/LIBRA collaborations, R. Bernabei et al., New results from DAMA/LIBRA, Eur.
Phys. J. C 67 (2010) 39 [arXiv:1002.1028] [INSPIRE].
[43] C.E. Aalseth, P.S. Barbeau, J. Colaresi, J.I. Collar, J. Diaz Leon et al., Search for an Annual
Modulation in a P-type Point Contact Germanium Dark Matter Detector, Phys. Rev. Lett.
107 (2011) 141301 [arXiv:1106.0650] [INSPIRE].
[44] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci et al., Results from 730 kg days of
the CRESST-II Dark Matter Search, Eur. Phys. J. C 72 (2012) 1971 [arXiv:1109.0702]
[INSPIRE].
[45] A. Brown, S. Henry, H. Kraus and C. McCabe, Extending the CRESST-II commissioning run
limits to lower masses, Phys. Rev. D 85 (2012) 021301 [arXiv:1109.2589] [INSPIRE].
[46] CDMS collaboration, R. Agnese et al., Silicon Detector Dark Matter Results from the Final
Exposure of CDMS II, Phys. Rev. Lett. 111 (2013) 251301 [arXiv:1304.4279] [INSPIRE].
[47] G. D’Ambrosio, G.F. Giudice, G. Isidori and A. Strumia, Minimal flavor violation: An
Effective field theory approach, Nucl. Phys. B 645 (2002) 155 [hep-ph/0207036] [INSPIRE].
[48] D. Hooper and T.R. Slatyer, Two Emission Mechanisms in the Fermi Bubbles: A Possible
Signal of Annihilating Dark Matter, Phys. Dark Univ. 2 (2013) 118 [arXiv:1302.6589]
[INSPIRE].
[49] W.-C. Huang, A. Urbano and W. Xue, Fermi Bubbles under Dark Matter Scrutiny. Part I:
Astrophysical Analysis, arXiv:1307.6862 [INSPIRE].
[50] T. Linden, E. Lovegrove and S. Profumo, The Morphology of Hadronic Emission Models for
the Gamma-Ray Source at the Galactic Center, Astrophys. J. 753 (2012) 41
[arXiv:1203.3539] [INSPIRE].
[51] T. Linden and S. Profumo, Exploring the Nature of the Galactic Center Gamma-Ray Source
with the Cherenkov Telescope Array, Astrophys. J. 760 (2012) 23 [arXiv:1206.4308]
[INSPIRE].
[52] F. Yusef-Zadeh, J.W. Hewitt, M. Wardle, V. Tatischeff, D.A. Roberts et al., Interacting
Cosmic Rays with Molecular Clouds: A Bremsstrahlung Origin of Diffuse High Energy
Emission from the Inner 2deg by 1deg of the Galactic Center, Astrophys. J. 762 (2013) 33
[arXiv:1206.6882] [INSPIRE].
[53] N. Mirabal, Dark matter vs. Pulsars: Catching the impostor, arXiv:1309.3428 [INSPIRE].
[54] D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins and T. Slatyer, Millisecond pulsars Cannot
Account for the Inner Galaxy’s GeV Excess, Phys. Rev. D 88 (2013) 083009
[arXiv:1305.0830] [INSPIRE].
[55] M. Cirelli, P.D. Serpico and G. Zaharijas, Bremsstrahlung gamma rays from light Dark
Matter, JCAP 11 (2013) 035 [arXiv:1307.7152] [INSPIRE].
[56] A.W. Graham, D. Merritt, B. Moore, J. Diemand and B. Terzic, Empirical models for Dark
Matter Halos. I. Nonparametric Construction of Density Profiles and Comparison with
Parametric Models, Astron. J. 132 (2006) 2685 [astro-ph/0509417] [INSPIRE].
[57] J.F. Navarro, C.S. Frenk and S.D.M. White, The Structure of cold dark matter halos,
Astrophys. J. 462 (1996) 563 [astro-ph/9508025] [INSPIRE].
– 13 –
J
C
A
P05(2014)009
[58] J.F. Navarro, A. Ludlow, V. Springel, J. Wang, M. Vogelsberger et al., The Diversity and
Similarity of Cold Dark Matter Halos, Mon. Not. Roy. Astron. Soc. 402 (2010) 21
[arXiv:0810.1522] [INSPIRE].
[59] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore et al., Clumps and streams in the
local dark matter distribution, Nature 454 (2008) 735 [arXiv:0805.1244] [INSPIRE].
[60] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi, M. Kadastik et al., PPPC 4 DM ID: A Poor
Particle Physicist Cookbook for Dark Matter Indirect Detection, JCAP 03 (2011) 051
[Erratum ibid. 1210 (2012) E01] [arXiv:1012.4515] [INSPIRE].
[61] P. Salucci, F. Nesti, G. Gentile and C.F. Martins, The dark matter density at the Sun’s
location, Astron. Astrophys. 523 (2010) A83 [arXiv:1003.3101] [INSPIRE].
[62] F. Iocco, M. Pato, G. Bertone and P. Jetzer, Dark Matter distribution in the Milky Way:
microlensing and dynamical constraints, JCAP 11 (2011) 029 [arXiv:1107.5810] [INSPIRE].
[63] P. Ciafaloni, D. Comelli, A. Riotto, F. Sala, A. Strumia et al., Weak Corrections are Relevant
for Dark Matter Indirect Detection, JCAP 03 (2011) 019 [arXiv:1009.0224] [INSPIRE].
[64] T. Sjo¨strand, S. Mrenna and P.Z. Skands, A Brief Introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].
[65] L.J. Hall, K. Jedamzik, J. March-Russell and S.M. West, Freeze-In Production of FIMP Dark
Matter, JHEP 03 (2010) 080 [arXiv:0911.1120] [INSPIRE].
[66] A.J. Williams, C. Boehm, S.M. West and D.A. Vasquez, Regenerating WIMPs in the Light of
Direct and Indirect Detection, Phys. Rev. D 86 (2012) 055018 [arXiv:1204.3727] [INSPIRE].
[67] N.D. Christensen and C. Duhr, FeynRules - Feynman rules made easy, Comput. Phys.
Commun. 180 (2009) 1614 [arXiv:0806.4194] [INSPIRE].
[68] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer et al., UFO - The Universal
FeynRules Output, Comput. Phys. Commun. 183 (2012) 1201 [arXiv:1108.2040] [INSPIRE].
[69] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer and T. Stelzer, MadGraph 5 : Going Beyond,
JHEP 06 (2011) 128 [arXiv:1106.0522] [INSPIRE].
[70] LHC Higgs Cross Section Working Group collaboration, S. Heinemeyer et al.,
Handbook of LHC Higgs Cross Sections: 3. Higgs Properties, [arXiv:1307.1347] [INSPIRE].
[71] CMS Collaboration, Search for new physics in monojet events in pp collisions at
√
s= 8 TeV,
CMS-PAS-EXO-12-048.
[72] U. Haisch, F. Kahlhoefer and J. Unwin, The impact of heavy-quark loops on LHC dark matter
searches, JHEP 07 (2013) 125 [arXiv:1208.4605] [INSPIRE].
[73] O. Buchmueller, M.J. Dolan and C. McCabe, Beyond Effective Field Theory for Dark Matter
Searches at the LHC, JHEP 01 (2014) 025 [arXiv:1308.6799] [INSPIRE].
[74] ATLAS collaboration, Search for direct top squark pair production in final states with two
leptons in
√
s = 8 TeV pp collisions using 20fb−1 of ATLAS data., ATLAS-CONF-2013-048
(2013).
[75] C.G. Lester and D.J. Summers, Measuring masses of semiinvisibly decaying particles pair
produced at hadron colliders, Phys. Lett. B 463 (1999) 99 [hep-ph/9906349] [INSPIRE].
[76] T. Sjo¨strand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05
(2006) 026 [hep-ph/0603175] [INSPIRE].
[77] J. Conway, Pretty good simulator,
http://physics.ucdavis.edu/ conway/research/software/pgs/pgs4-general.htm.
[78] M. Cacciari, G.P. Salam and G. Soyez, The Anti-k(t) jet clustering algorithm, JHEP 04
(2008) 063 [arXiv:0802.1189] [INSPIRE].
– 14 –
J
C
A
P05(2014)009
[79] B. Altunkaynak, Parvicursor, http://gluino.net/heptools/.
[80] ATLAS collaboration, Search for a supersymmetric top-quark partner in final states with two
leptons in
√
s = 8 TeV pp collisions using 13 ifb of ATLAS data, ATLAS-CONF-2012-167
(2012).
[81] M. Drees, H. Dreiner, D. Schmeier, J. Tattersall and J.S. Kim, CheckMATE: Confronting
your Favourite New Physics Model with LHC Data, arXiv:1312.2591 [INSPIRE].
[82] A.L. Read, Modified frequentist analysis of search results (The CL(s) method), in Proceedings
of the 1st Workshop on Confidence Limits, CERN, Geneva, Switzerland, 17–18 January 2000,
pg. 81 [CERN-2000-005].
[83] M. Cacciari, G.P. Salam and G. Soyez, FastJet User Manual, Eur. Phys. J. C 72 (2012) 1896
[arXiv:1111.6097] [INSPIRE].
[84] DELPHES 3 collaboration, J. de Favereau et al., DELPHES 3, A modular framework for
fast simulation of a generic collider experiment, JHEP 02 (2014) 057 [arXiv:1307.6346]
[INSPIRE].
[85] ATLAS collaboration, Search for direct production of charginos and neutralinos in events with
three leptons and missing transverse momentum in 21 fb−1 of pp collisions at
√
s = 8 TeV with
the ATLAS detector, ATLAS-CONF-2013-035 (2013).
[86] ATLAS collaboration, Search for squarks and gluinos with the ATLAS detector in final states
with jets and missing transverse momentum and 20.3 fb−1 of
√
s = 8 TeV proton-proton
collision data, ATLAS-CONF-2013-047 (2013).
[87] ATLAS collaboration, Search for supersymmetry at
√
s = 8 TeV in final states with jets,
missing transverse momentum and one isolated lepton, ATLAS-CONF-2012-104 (2012).
[88] ATLAS collaboration, Search for the neutral Higgs bosons of the Minimal Supersymmetric
Standard Model in pp collisions at
√
s = 7 TeV with the ATLAS detector, JHEP 02 (2013)
095 [arXiv:1211.6956] [INSPIRE].
[89] CDF collaboration, T. Aaltonen et al., Search for narrow resonances lighter than Υ mesons,
Eur. Phys. J. C 62 (2009) 319 [arXiv:0903.2060] [INSPIRE].
[90] BaBar collaboration, B. Aubert et al., Search for a low-mass Higgs boson in Y(3S) → γA0,
A0 → τ+τ− at BABAR, Phys. Rev. Lett. 103 (2009) 181801 [arXiv:0906.2219] [INSPIRE].
[91] K. Schmidt-Hoberg, F. Staub and M.W. Winkler, Constraints on light mediators: confronting
dark matter searches with B physics, Phys. Lett. B 727 (2013) 506 [arXiv:1310.6752]
[INSPIRE].
[92] D.C. Malling, D.S. Akerib, H.M. Araujo, X. Bai, S. Bedikian et al., After LUX: The LZ
Program, arXiv:1110.0103 [INSPIRE].
[93] J. Billard, L. Strigari and E. Figueroa-Feliciano, Implication of neutrino backgrounds on the
reach of next generation dark matter direct detection experiments, Phys. Rev. D 89 (2014)
023524 [arXiv:1307.5458] [INSPIRE].
[94] P. Cushman, C. Galbiati, D.N. McKinsey, H. Robertson, T.M.P. Tait et al., Snowmass CF1
Summary: WIMP Dark Matter Direct Detection, arXiv:1310.8327 [INSPIRE].
[95] M. Freytsis and Z. Ligeti, On dark matter models with uniquely spin-dependent detection
possibilities, Phys. Rev. D 83 (2011) 115009 [arXiv:1012.5317] [INSPIRE].
[96] H.-Y. Cheng and C.-W. Chiang, Revisiting Scalar and Pseudoscalar Couplings with Nucleons,
JHEP 07 (2012) 009 [arXiv:1202.1292] [INSPIRE].
[97] K.R. Dienes, J. Kumar, B. Thomas and D. Yaylali, Overcoming Velocity Suppression in
Dark-Matter Direct-Detection Experiments, arXiv:1312.7772 [INSPIRE].
– 15 –
J
C
A
P05(2014)009
[98] P. Klos, J. Mene´ndez, D. Gazit and A. Schwenk, Large-scale nuclear structure calculations for
spin-dependent WIMP scattering with chiral effective field theory currents, Phys. Rev. D 88
(2013) 083516 [arXiv:1304.7684] [INSPIRE].
[99] J.D. Lewin and P.F. Smith, Review of mathematics, numerical factors and corrections for dark
matter experiments based on elastic nuclear recoil, Astropart. Phys. 6 (1996) 87 [INSPIRE].
[100] C. McCabe, The Earth’s velocity for direct detection experiments, JCAP 02 (2014) 027
[arXiv:1312.1355] [INSPIRE].
[101] J. Kopp, T. Schwetz and J. Zupan, Global interpretation of direct Dark Matter searches after
CDMS-II results, JCAP 02 (2010) 014 [arXiv:0912.4264] [INSPIRE].
[102] K. Abe, H. Fuke, S. Haino, T. Hams, M. Hasegawa et al., Measurement of the cosmic-ray
antiproton spectrum at solar minimum with a long-duration balloon flight over Antarctica,
Phys. Rev. Lett. 108 (2012) 051102 [arXiv:1107.6000] [INSPIRE].
[103] R. Kappl and M.W. Winkler, Dark Matter after BESS-Polar II, Phys. Rev. D 85 (2012)
123522 [arXiv:1110.4376] [INSPIRE].
[104] PAMELA collaboration, O. Adriani et al., PAMELA results on the cosmic-ray antiproton
flux from 60 MeV to 180 GeV in kinetic energy, Phys. Rev. Lett. 105 (2010) 121101
[arXiv:1007.0821] [INSPIRE].
[105] M. Cirelli and G. Giesen, Antiprotons from Dark Matter: Current constraints and future
sensitivities, JCAP 04 (2013) 015 [arXiv:1301.7079] [INSPIRE].
[106] X.-L. Chen and M. Kamionkowski, Particle decays during the cosmic dark ages, Phys. Rev. D
70 (2004) 043502 [astro-ph/0310473] [INSPIRE].
[107] J.M. Cline and P. Scott, Dark Matter CMB Constraints and Likelihoods for Poor Particle
Physicists, JCAP 03 (2013) 044 [Erratum ibid. 1305 (2013) E01] [arXiv:1301.5908]
[INSPIRE].
[108] M.S. Madhavacheril, N. Sehgal and T.R. Slatyer, Current Dark Matter Annihilation
Constraints from CMB and Low-Redshift Data, arXiv:1310.3815 [INSPIRE].
[109] Super-Kamiokande collaboration, S. Desai et al., Search for dark matter WIMPs using
upward through-going muons in Super-Kamiokande, Phys. Rev. D 70 (2004) 083523 [Erratum
ibid. D 70 (2004) 109901] [hep-ex/0404025] [INSPIRE].
– 16 –
